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SUMMARY 


This  technical  report  describes  the  progress  for  the  first  six 
months  of  a  twelve  month  project  to  support  the  overall  DARPA  Adaptive- 
Suspension  Vehicle  program.  The  Battelle  project  consists  of  two  major 
tasks.  The  first  task  relates  to  vehicle  guidance;  the  objective  is  to 
derive  a  method  to  enable  an  active-suspension  vehicle  to  traverse  rough 
terrain.  The  second  task  is  concerned  with  actuation  techniques  for  the 
legs  on  the  vehicle,  specifically  an  in-depth  analysis,  design,  and 
demonstration  of  the  shank  hydraulic  circuit.  While  the  two  tasks  are 
closely  related,  each  is  discussed  separately  in  this  report. 


Guidance  Task 


The  guidance  problem  requires  the  development  of  algorithms  which 
will  allow  the  vehicle  to  decide  when  to  lift  its  legs  and  when  and  where 
to  place  them,  based  on  information  received  from  a  terrain-scanning 
system.  The  guidance  problem  has  been  approached  by  developing  a  graphic 
simulation  with  which  to  test  the  algorithms  derived.  The  simulation 
provides  a  realistic  representation  of  both  the  terrain-scanning  system 
and  the  vehicle  itself,  both  of  which  are  described  in  the  main  body  of 
this  report.  In  addition,  the  simulation  display  includes  information 
which  allows  indicators  (such  as  vehicle  stability)  of  the  algorithms' 
performance  to  be  monitored. 

A  survey  of  previous  work  in  the  area  of  legged  vehicle  locomotion 
over  rough  terrain  has  shown  that  the  earlier  approaches  to  the  gait 
generation  problem  have  generally  been  designed  and  optimized  for  one 
particular  kind  of  terrain.  Foothold  selection  with  those  earlier 
methods  has  been  accomplished  by  searching  the  areas  which  the  legs  can 
reach  to  determine  the  "best"  foothold. 

In  the  present  work,  the  goal  has  been  to  derive  algorithms  which 
will  work  well  not  just  on  one  kind  of  terrain,  but  on  terrain  which  ranges 
from  quite  smooth  to  very  rough.  Ideally,  the  algorithms  will  produce 
"free  gaits"  (similar  to  those  derived  in  previous  work)  on  rough  terrain. 
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but  will  produce  optimally  stable  periodic  gaits  on  smooth  terrain. 

Also  in  contrast  to  previous  work,  the  foothold  selection  processes 
have  been  designed  to  be  driven  by  first  determining  where  it  would  be 
desirable  to  place  the  feet  and  then  by  working  to  make  those  placements 
possible. 

The  implementation  of  these  ideas  which  is  currently  being 
investigated  involves  as  its  first  step  the  determination  of  those  areas 
which  are  suitable  for  footholds  along  the  vehicle's  projected  path. 

Then  a  sequence  of  leg  liftings  and  placements  which  will  allow  stable 
locomotion  along  that  path  is  determined.  It  can  be  seen  that  with  this 
approach  the  leg  sequencing  is  based  directly  on  the  terrain  characteristics 
and  projected  vehicle  position.  It  is  believed  that  this  approach  will 
eliminate  much  of  the  searching  involved  in  earlier  methods,  and  will 
also  provide  better  performance  in  most  kinds  of  terrain. 

Work  on  this  task  during  the  second  half  of  the  project  will 
involve  the  further  development  and  improvement  of  the  stepping  algorithm 
which  has  been  developed,  as  well  as  the  investigation  of  alternative  algorithms. 


Actuation  Task 


The  crux  of  the  actuation  task  is  to  design  and  demonstrate  an 
hydraulic  actuation  system  for  each  of  the  legs  on  the  active-suspension 
vehicle.  The  design  requirements  for  leg  actuation  were  initially 
established  through  discussions  between  Battelle  and  Professor  Kenneth 
Waldron  of  The  Ohio  State  University.  These  requirements  were  based 
on  the  original  O.S.U.  leg  design,  and  consist  of  requirements  for 
actuating  the  legs  during  vehicle  cruise,  turning  or  crabbing  maneuvers, 
and  emergency  operation. 

Battelle's  actuation  task  consists  of  four  technical  phases. 

In  the  first  phase  a  preliminary  shank  circuit  demonstration  unit  was 
developed  based  on  a  preliminary  analysis  of  the  original  O.S.U.  shank 
circuit  design.  Following  this  task,  a  modified  shank  circuit  design. 
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currently  under  development,  will  be  completed.  As  part  of  this  development, 

a  model  of  the  shank  hydraulic  circuit  will  be  developed  to  assist  in 

the  design  optimization  of  the  system.  Following  this,  a  computer-controlled 

preliminary  shank  circuit  demonstration  will  be  performed,  leading  to 

the  fourth  task,  which  is  to  assist  O.S.U.  in  a  demonstration  of  legged 

operation. 

To  date,  the  preliminary  shank  circuit  demonstration  is  underway, 
as  is  the  detailed  design  of  final  shank  circuit.  Results  of  the 
preliminary  design  are  presented  in  the  body  of  this  report. 
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GUIDANCE  AND  ACTUATION  TECHNIQUES  FOR  AN  ADAPTIVELY  CONTROLLED  VEHICLE 


by 


M.R.  Patterson,  J.J.  Reidy,  and  B.J.  Brownstein 


INTRODUCTION 


It  has  long  been  recognized  that  most  man-made  vehicles  are 
greatly  inferior  to  human  beings  and  other  terrestrial  animals  in  off-road 
locomotion.  The  shortcomings  of  current  vehicles  are  particularly 
noticeable  in  the  area  of  mobility.  On  rough  terrain,  a  vehicle  with 
a  passive  suspension  system  must  accommodate  obstacles  by  gross  body  motions 
and  must  push  its  way  through  soft  soil.  A  system  with  active  suspension 
units  such  as  legs,  on  the  other  hand,  can  "pick  its  way"  through  rough 
terrain  by  selecting  the  most  suitable  footholds  and  stepping  over  obstacles 
and  soft  spots.  In  addition,  a  legged  system  can  compensate  for  terrain 
irregularities  on  which  it  must  step  by  actively  adjusting  leg  heights, 
thus  providing  a  much  smoother  ride. 

It  is  apparent  that  the  mobility  advantages  of  a  legged  system 
depend  on  its  ability  to  select  suitable  footholds  and  avoid  unsuitable 
ones,  as  well  as  to  then  physically  actuate  the  selected  actions.  The 
ability  to  guide  the  vehicle  requires  that  such  a  system  have  some  knowledge 
of  the  terrain  in  front  of  it  and  have  the  capacity  to  decide  when  it 
should  lift  its  legs  and  when  and  where  it  should  put  them  down.  The 
design  of  a  system  (which  will  be  called  the  guidance  'ystem)  which  would 
allow  a  man-made  vehicle  to  make  those  decisions  is  one  of  the  tasks  of 
this  project;  the  first  part  of  this  report  describes  the  progress 
made  on  that  task  during  the  frist  half  of  the  project. 

The  main  text  of  this  part  of  the  report  contains,  first, 
descriptions  of  the  vehicle  and  the  terrain-sensing  system  on  which  this 
work  is  based  and  the  interfaces  between  those  systems  and  the  guidance 
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system.  The  rest  of  this  portion  of  the  report  is  divided  into  sections 
based  on  the  different  topics  of  the  work  conducted  so  far.  Those  topics 
are  the  development  of  a  terrain-vehicle  simulation  with  which  to  test 
the  guidance  system,  the  generation  of  specifications  for  a  terrain¬ 
sensing  system  to  provide  the  required  information  to  the  guidance  system, 
the  determination  of  an  appropriate  approach  to  storing  that  information, 
the  development  of  the  stepping  algorithms  themselves  (including  a  survey 
of  previous  work  in  the  area),  and  the  preliminary  design  of  a  hardware 
system  to  implement  the  guidance  algorithms. 

Once  a  foothold  has  been  selected,  the  foot  must  be  physically 
shifted  to  that  spot,  smoothly  and  accurately.  With  a  target  of  a  five 
mile  per  hour  cruise  speed,  the  requirements  on  the  leg  actuation  system; 
the  drive,  shank  and  adduction-abduction  circuits,  are  demanding.  The 
shank  circuit  must  also  be  capable  of  compensating  for  mistakes  in  foot 
placement,  e.g.  the  foot  slipping  off  of  a  rock.  The  development  of  the 
shank  circuit  design  is  the  second  task  of  this  project.  This  portion 
of  the  report  discusses  the  establishment  of  the  system  design  requirements, 
the  preliminary  analyses  of  an  original  system  design,  the  results  of 
experimental  evaluations  of  some  of  the  system  components,  and  a 
brief  trade-off  of  candidate  pumps  for  the  final  system. 
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GUIDANCE  RESEARCH 


Vehicle  and  Terrain-Sensing  System 


The  vehicle  on  which  this  work  is  based  is  approximately 
fifteen  feet  (4.6  meters)  long  and  four  feet  (1.2  meters)  wide.  It  has 
six  three-degree-of-freedom  legs  which  are  attached  at  the  top  of  the 
vehicle  and  whose  lengths  can  be  varied  between  five  and  nine  feet 
(1.5  and  2.7  meters).  Thus  the  vehicle's  height  can  also  be  varied  from 
five  to  nine  feet  (1.5  to  2.7  meters).  The  legs'  other  two  degrees  of 
freedom  are  angular  motions  in  both  the  forward-backward  and  abduction- 
adduction  directions.  The  vehicle  is  expected  to  be  limited,  at  least 
on  rough  terrain,  to  translational  velocities  of  no  more  than  eight 
feet/second  (2.4  meters/second)  and  rotational  velocities  of  no  more 
than  thirty  degrees/second.  Accelerations  are  expected  to  be  limited 
to  no  more  than  four  feet/second/second  (1.2  meters/second/second)  and 
fifteen  degrees/second/second. 

The  terrain-sensing  system  which  is  used  in  this  work  is  a  range¬ 
finding  system  which  is  fixed  at  the  front  top  of  the  vehicle.  It 
scans  in  elevation  and  in  azimuth  and  measures  a  range  value  for  each 
of  those  (discrete)  points  in  its  scan  range. 


Stepping  Algorithm  Interfaces 


From  the  terrain-sensing  system,  the  guidance  system  will 
receive  the  measured  range  for  each  of  the  points  which  is  scanned  by 
the  terrain-sensing  system.  It  will  also  receive  scan  synchronization 
information  which  will  allow  it  to  determine  the  elevation  and  azimuth 
angles  for  each  of  the  scan  points.  From  the  vehicle  control  system,  the 
guidance  system  will  receive  vehicle  translational  and  rotational  positions 
and  velocities  together  with  foot  positions  and  contact  information. 


The  guidance  system  will  send  to  the  vehicle  control  system  cornnands 
for  foot  lifting  and  placing  with  the  associated  foot  trajectories  for 
transfer-phase  legs. 

Terrain-Vehicle  Simulation 

For  the  purpose  of  testing  the  guidance  algorithms  being 
developrJ  in  this  project,  a  graphic  simulation  of  the  vehicle  and 
terrain  has  been  developed.  The  simulation  displays  the  moving  vehicle 
and  that  portion  of  the  terrain  of  which  it  is  aware  at  any  given  time. 

The  velocity  of  the  simulated  vehicle  is  controlled  by  means  of  a  joystick. 

The  simulation  is  intended  to  provide  as  realistic  a  test  to 
the  guidance  system  as  possible.  Toward  that  end,  it  provides  terrain 
scan  data  to  the  system  in  the  same  way  as  the  terrain-scanning  system 
described  above  would  provide  the  data  to  a  hardware  implementation  of 
the  guidance  system.  That  is,  the  data  are  provided  to  the  algorithms 
in  the  same  order  as  the  actual  scanner  would  provide  them,  and  the  data 
are  those  range  values  that  the  actual  scanner  would  return,  corrupted 
by  expected  random  noise  values.  The  simulation  also  provides  a  realistic 
representation  of  the  vehicle  described  above,  to  the  extent  that 
it  incorporates  the  dimensions  of  the  vehicle  body  and  legs,  the  limits 
of  travel  of  the  leg  joints  (and  thus  the  reachable  volumes  of  the 
legs),  and  the  expected  limits  on  the  vehicle's  velocity  and  acceleration. 
All  of  the  parameters  which  define  the  characteristics  of  the  terrain¬ 
sensing  system  and  the  vehicle  can  be  easily  changed  to  accommodate 
different  designs  for  those  systems. 

In  addition  to  the  display  of  the  vehicle  and  the  terrain,  the 
legs'  support  pattern  (the  convex  polygon  formed  by  the  points  representing 
the  supporting  legs'  horizontal  positions)  is  also  displayed  with  the 
center  of  pressure  for  the  vehicle.  That  display  allows  the  changing 
stability  margin  of  the  vehicle  to  be  monitored.  The  numerical  value 
of  the  stability  margin  is  also  displayed,  as  are  the  times  until  the 
different  legs  will  reach  their  limits  and  the  slopes  of  the  terrain  at 
the  footholds  of  the  supporting  legs.  All  this  information  is  useful 
for  evaluating  the  performance  of  the  stepping  algorithms. 
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Terrain-Sensing  System  Specifications 


Specifications  for  the  terrain-sensing  system  based  on  the  expected 
requirements  of  the  guidance  system  have  been  generated.  The  guidance 
system  requirements  are  based  on  the  need  for  information  for  two  purposes: 
the  selection  of  footholds,  and  the  accommodation  of  the  vehicle  body 
to  large-scale  terrain  variations. 

The  first  of  these  purposes,  foothold  selection,  requires  that 
all  those  areas  where  the  vehicle  may  have  to  step  be  scanned  at  least 
once  with  the  following  requirements:  a  linear  resolution  of  one-half 
the  vehicle's  foot  size  (that  is,  about  four  inches,  or  ten  centimeters) 
for  selection  of  safe  footholds,  the  detection  of  objects  of  six  inches, 
or  fifteen  centimeters,  or  greater  height  since  that  is  the  approximate 
upper  limit  of  terrain  accommodation  for  the  vehicle's  control  system, 
and  the  sensing  of  terrain  which  has  a  slope  of  less  than  forty-five 
degrees  since  that  is  the  maximum  slope  on  which  it  is  desirable  to 
place  the  feet.  The  smooth  (without  excessive  acceleration)  accommodation 
of  large-scale  terrain  obstacles  requires  that  the  vehicle  obtain  terrain 
data  to  approximately  two  body  lengths  (thirty  feet,  or  nine  meters) 
in  front  of  the  vehicle. 

These  requirements  product  the  following  approximate  terrain¬ 
sensing  system  specifications:  two  scans  per  second,  one  degree  angular 
resolution,  scanning  over  a  -15°  to  -75°  elevation  range,  and  scanning 
over  a  +30°  azimuth  range  (+45°  would  allow  turning  with  a  smaller  radius). 
An  accuracy  of  one  to  two  inches,  or  two  to  five  centimeters,  is  probably 
sufficient. 


Terrain  Information  Storage 


The  guidance  system  receives  terrain  data  in  the  form  of  range 
measurements  indexed  by  elevation  and  azimuth  angles  from  the  scanner, 
but  the  information  is  not  convenient  for  the  stepping  algorithms  to 
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use  in  that  form.  To  be  of  most  value  to  the  stepping  algorithms,  the 
terrain  information  should  be  in  the  form  of  elevation  values  indexed 
by  their  horizontal  positions.  To  provide  this  form,  the  guidance 
system  uses  a  terrain  array  divided  into  cells  based  on  a  horizontal 
plane;  one  scan  point  is  stored  per  cell. 

When  a  range  value  is  received  by  the  guidance  system,  it  uses 
the  elevation  and  azimuth  angles  of  that  range  value  together  with  the 
known  position  of  the  vehicle  to  convert  the  range  value  to  an  elevation 
value  and  store  it  in  the  terrain  array.  As  the  vehicle  moves  along, 
new  points  are  used  to  replace  old  ones,  so  the  guidance  system  "forgets" 
terrain  when  it  has  passed  a  certain  distance  beyond  it. 


Stepping  Algorithms 


Previous  Work 


For  locomotion  over  relatively  smooth  ground,  the  problem  of 
stepping  algorithms  is  fairly  well  understood  [1];  in  most  cases,  a 
periodic  gait  (sequence  for  lifting  and  placing  legs)  and  predetermined 
footholds  can  be  used.  Over  rough  terrain,  however,  the  problem  is 
more  difficult.  When  the  vehicle's  path  contains  obstacles  larger  than 
those  that  can  be  handled  by  active  terrain  accommodation,  the  guidance 
system  must  use  preview  information  about  the  terrain  so  it  can  make 
adjustments  to  the  vehicle's  movements  to  account  for  those  objects. 

As  far  as  the  authors  of  this  report  know,  the  first  work  which 
was  done  on  automatic  guidance  of  a  legged  vehicle  over  rough  terrain 
is  that  of  Okhotsimski  and  Platonov  [2].  They  consider  obstacles 
which  can  be  overcome  by  recalculating  foothold  locations  without  changing 
a  periodic  gait.  For  example,  the  problem  of  traversing  a  trench  which 
is  located  where  one  of  the  vehicle's  feet  would  normally  be  placed  is 
solved  by  moving  the  foothold  to  one  of  the  edges  of  th.  trench  and 
adjusting  the  nearby  footholds  to  provide  a  smooth  transition. 
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It  is  apparent  that  when  obstacles  are  large  or  numerous  the 
vehicle's  gait  must  be  modified  and  the  method  of  Ohkotsimski  and  Platonov 
cannot  be  used.  The  first  work  in  this  area  was  done  by  Kugushev  and 
Jaroshevskij  [3].  They  introduced  the  "free  gait",  a  gait  in  which  leg 
motions  are  determined  not  from  a  periodic  sequence  but  from  knowledge 
of  the  current  state  of  the  vehicle,  its  kinematic  limits,  and  the  terrain 
over  which  it  is  walking.  Central  to  their  free  gait  algorithm  is  the 
concept  of  a  foothold's  existence  segment,  the  portion  of  the  vehicle's 
path  of  motion  over  which  a  particular  leg  can  reach  that  foothold. 

At  each  iteration  of  the  algorithm,  the  determination  is  made  of  which 
leg  will  reach  the  end  of  its  existence  segment  soonest.  That  leg  is 
then  lifted  if  that  can  be  done  without  making  the  vehicle  unstable; 
if  lifting  the  leg  would  make  the  vehicle  unstable,  another  leg  (or  legs) 
is  first  moved  to  allow  it  to  be  lifted.  Footholds  for  leg  placement 
are  apparently  found  by  positing  a  vehicle  location  farther  along  its 
motion  path  and  determining  if  a  foothold  can  be  found  there  which  the 
leg  can  reach;  if  one  cannot  be  found,  the  posited  vehicle  location  is 
moved  farther  back  toward  the  vehicle's  actual  location  until  a  foothold 
can  be  found  on  which  to  place  the  leg. 

Kugushev  and  Jaroshevskij 's  work  was  extended  by  McGhee  and 
Iswandhi  [4]  at  The  Ohio  State  University.  They  introduced  the  concept 
of  the  kinematic  margin  of  a  foothold,  which  is  the  distance  along  the 
vehicle's  path  of  motion  from  its  present  position  to  the  point  at  which 
the  leg  at  that  foothold  reaches  its  kinematic  limit.  They  then 
use  that  concept  to  implement  a  free  gait  algorithm  with  which  at  each 
iteration  the  leg  with  the  smallest  kinematic  margin  is  lifted.  If 
necessary,  another  leg  is  placed  in  such  a  position  as  to  allow  the 
first  leg  to  be  lifted.  Leg  placement  is  accomplished  by  examining 
all  available  footholds  for  a  particular  leg  and  then  placing  the  leg 
at  the  foothold  with  the  greatest  kinematic  margin.  It  can  be  seen  that 
McGhee  and  Iswandhi 's  algorithm  lifts  legs  whenever  it  can  and  only 
places  them  when  required  for  stability;  the  algorithm  thus  sacrifices 
stability  for  adaptability. 


Both  of  the  free  gait  algorithms  discussed  above  assume  a  flat 
terrain  with  areas  which  cannot  be  used  for  footholds.  Patterson  [5] 
has  considered  the  application  of  the  free  gait  algorithm  on  a  cylindrical 
surface,  which  presents  several  problems  not  present  in  two-dimensional 
terrain.  The  most  difficult  of  those  problems  is  that  as  the  relative 
orientation  and  distance  between  the  vehicle  and  the  terrain  change, 
the  location,  size  and  shape  of  the  terrain  area  which  a  leg  can  reach 
changes.  That  area,  which  for  most  legs  on  flat  terrain  is  a  sector 
of  an  annulus,  becomes  very  irregular  in  rough  terrain;  the  solution 
used  in  this  work  is  to  determine  a  minimum  reachable  area  based  on  the 
regular  cylindrical  terrain.  Patterson  also  modified  the  kinematic  margin 
concept  to  be  based  on  the  instantaneous  velocity  of  the  base  of  the  leg 
instead  of  the  predicted  path  of  the  vehicle;  the  kinematic  margin  is 
then  easy  to  calculate  even  for  vehicle  motions  such  as  turning  in 
place.  In  addition,  he  modified  the  free  gait  algorithm  in  such  a  way 
that  legs  are  only  lifted  when  their  kinematic  margins  fall  below  a 
threshold  margin.  Different  settings  of  that  threshold  can  then  be  used 
to  optimize  the  algorithm  for  either  stability  or  adaptability. 

Present  Work 


In  the  previous  work  described  above,  the  gait  selection  methods 
described  were  designed  specifically  for  rough  terrain.  In  the  present 
work,  the  goal  has  been  to  derive  a  method  which  will  work  well  on  all 
kinds  of  terrain.  This  method  will  ideally  be  one  which  generates  "free 
gaits"  on  rough  terrain,  but  wave  gaits  (optimally  stable  periodic  gaits) 
on  smooth  terrain.  In  the  area  of  foothold  selection,  previous  methods 
have  chosen  the  "best"  foothold  by  searching  the  legs'  reachable  areas. 

In  th e  present  work,  the  foothold  selection  process  has  been  driven 
by  first  determining  where  it  would  be  desirable  to  place  the  feet  and 
then  by  working  to  make  those  placements  possible. 

The  first  attempt  at  implementing  the  methods  of  gait  generation 
and  foothold  selection  was  that  of  sequencing  legs  based  on  the  goal 
of  moving  the  vehicle  through  a  succession  of  those  support  patterns 


with  the  most  inherent  stability.  With  such  an  approach,  appropriate 
selection  of  footholds  for  the  legs  comprising  those  support  patterns 
could  be  used  to  provide  stability  over  the  particular  path  which  the 
vehicle  is  following.  It  was  decided  not  to  use  this  approach  because 
on  terrain  where  many  areas  are  unsuitable  for  footholds,  it  would  be 
likely  to  require  extensive  searches  both  for  acceptable  sequences  of 
support  patterns  and  for  footholds  for  the  legs  in  those  support  patterns. 

The  approach  which  is  currently  being  investigated  involves  as 
its  first  step  the  determination  of  those  areas  which  are  suitable  for 
footholds  along  the  vehicle's  projected  path.  Then  a  sequence  of  leg 
liftings  and  placements  which  will  allow  stable  locomotion  along  that  path 
is  determined.  It  can  be  seen  that  with  this  approach  the  concept  of 
a  support  pattern  is  not  explicitly  used,  and  the  leg  sequencing  is  based 
directly  on  the  terrain  characteristics  and  projected  vehicle  position. 

It  is  believed  that  this  approach  will  eliminate  much  of  the  searching 
involved  in  the  first  approach,  and  will  also  provide  better  performance 
in  most  kinds  of  terrain. 


Preliminary  Implementation  Design 

It  has  been  determined  that  a  hardware  system  to  implement  the 
guidance  algorithms  described  above  would  require  two  processors  because 
one  processor's  full  capacity  would  be  needed  to  perform  the  calculations 
required  to  transform  to  earth-fixed  coordinates  each  of  the  many  scan 
point  range  data  transmitted  by  the  scanning  system.  The  other  processor 
would  then  be  used  to  perform  the  computations  required  for  the  gait 
generation  and  foothold  selection  processes. 
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ACTUATION  RESEARCH 


System  Requirements 

The  design  requirements  for  the  shank  circuit  of  the  Adaptively 
Suspension  Vehicle  were  initially  established  through  discussions  with 
Prof.  Ken  Waldron  of  O.S.U.  These  requirements  were  based  on  the  original 
O.S.U.  leg  design  and  consisted  of  the  following: 

Cruise  Mode 

1)  Rapid  retraction  -  lift  foot  2"-8"  in  0.05-0.10  seconds 
(10-15%  of  return  cycle) 

2)  Slow  extension  -  allow  foot  to  coast  down  or  extend  the 
foot  under  pressure,  in  approximately  0.30-0.40  seconds 

3)  Lock  on  -  no  extension  of  foot  under  load. 

Turn  or  Crab 

1)  Small  displacements  at  full  load 

Emergency 

1)  Rapid  extension  under  no  load 

Additional  system  considerations  included: 

•  Total  cylinder  stroke  -  48  inches 

•  Stride  frequency  (cruise  mode)  -  1  hz 

•  Estimate  weight  of  lower  leg  -  50  lbs 

At  Prof.  Waldron's  suggestion,  a  maximum  load  of  1800  lbs  per  foot  was 
assumed.  The  original  leg  design  upon  which  these  requirements  are 
based  is  shown  in  Figure  1.  A  schematic  of  the  hydraulic  circuit  developed 
by  O.S.U.  for  this  original  leg  configuration  is  shown  in  Figure  2. 
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Preliminary  Analysis 


A  preliminary  analysis  of  the  original  O.S.U.  circuit  design 
was  developed  to  evaluate  it  with  regard  to  the  system  requirements. 
First,  the  relationship  between  cylinder  size  and  system  pressure  was 
investigated  using  the  definition  of  pressure,  P  =  f.  ,  and  a  maximum 
load  of  1800  lbs  (see  Table  1).  In  these  calculations,  area  represents 
the  net  area  of  the  cylinder  over  which  the  pressure  is  acting.  To 
further  illustrate  this  relationship,  it  was  assumed  that  the  system 
pressure  acted  on  the  entire  piston  area  with  zero  back  pressure  and  the 
required  system  pressure  was  calculated  based  on  standard  diameters. 

This  relationship  between  cylinder  area  and  pressure  is  graphically 
illustrated  in  Figure  3. 

This  relationship  can  be  further  developed  into  a  relationship 
between  the  pressure  and  the  extension  rate  of  the  cylinder  that  can  be 
used  in  selecting  a  system  pressure.  As  a  first  approximation, 

q  onin^ 


231 


gai 


=  X 


60 


sec 

min 


where  Q  =  flow  (gal /min) 

A  =  area  (in^) 

X  =  cylinder  extension  rate  (in/sec) 
If  the  previous  relation  is  substituted, 

P  =  F/A 

A  =  F/P  =  1800  Ibs/P 

Q  x  P  x  231  _  i 

1800  60 


d  x  P  .  { 

467753  ' 

Some  representative  values  have  been  calculated  and  have  been  included 
in  Table  2.  The  relationship  has  been  graphically  illustrated  in  Figure  4. 
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TABLE  1.  Shank  Circuit  Preliminary  Hydraulic  Flow  Calculations 


Given:  maximum  load  =  1800* 
F 


P  = 


«  .  F  1800 
P  "  P 


Pressure 

Area 

Diameter* 

|  1000 

1 .8 

1500 

1.0 

|  2000 

0.9 

2500 

0.72 

|  3000 

0.6 

4074 

.442 

3/4  " 

.  2292 

.785 

1" 

,  1811 

.994 

1  1/8" 

1467 

t 

1.227 

1  1/4" 

1212 

1-485 

1  3/8" 

1  1018 

k, 

1.767 

1  1/2" 

*  Note:  Values  represent  cylinder 

bore  diameters 

with  zero  pressure  on 

the  rod  end  of  the  cylinder. 


"Cooo  2 ,  o'oo  Ooo 


Cylinder  Pressure,  psi 


FIGURE  3.  Cylinder  Area  vs.  Pressure 
Relationship  for  1800  Pound  Load 
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At  this  point,  some  basic  assumptions  regarding  the  system 
were  made.  First,  it  was  assumed  that  the  shank  circuit  had  15  g.p.m. 
of  flow  available  to  it.  Second,  it  was  assumed  that,  in  cruise  mode, 
three  legs  would  be  operated  simultaneously,  therefore  each  cylinder 
would  have  5  g.p.m.  available  to  it.  Third,  flow  rates  could  be  increased 
up  to  a  factor  of  2  by  incorporating  accumulators  into  the  system.  Based 
on  these  assumptions,  each  leg  would  be  provided  between  5  and  10  g.p.m. 
to  extend  18  inches  in  0.05-0.10  seconds  (X  =  180  -  360  in/sec).  As  can 
be  seen  in  Figure  4,  these  operational  requirements  are  not  within  capabili¬ 
ties  of  the  system  under  consideration. 

After  further  discussions  with  Prof.  Waldron  at  O.S.U.,  the 
system  requirements  were  revised  to  the  following: 

Cruise  Mode 

1)  Retraction  -  lift  foot  a  maximum  of  12  inches  in  0.25 
seconds 

2)  Extension  -  must  be  powered  down  to  extend  the  foot  12 
inches  in  approximately  0.25  seconds 

3)  Lock  on  -  no  extension  of  the  foot  under  load  for  approxi¬ 
mately  0.5  seconds. 

All  other  requirements  remained  unchanged. 

With  15  gpm  available  to  the  circuit  and  in  light  of  these 
revised  requirements,  the  following  conclusions  can  be  drawn  from  Figure 
4: 

1)  a  system  pressure  of  1000  psi  ’S  completely  inadequate  to 
meet  the  revised  system  requirements  under  the  original 
leg  configuration 

2)  a  system  pressure  of  2,000  psi,  with  accumulators,  might 
be  marginally  adequate  to  meet  system  requirements,  within 
the  accuracy  of  these  assumptions 

3)  a  system  pressure  of  3,000  psi  with  accumulators,  would 

be  capable  of  meeting  system  requirements  under  the  original 
leg  configuration. 
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As  a  result  of  this  analysis,  it  was  agreed  with  Prof.  Waldron  at  O.S.U. 

that  the  system  pressure  for  the  shank  circuit  should  be  3,000  psi. 

A  second  approximation  analysis  was  then  developed  to  further 

evaluate  this  circuit  design  based  on  the  revised  system  requirements. 

This  second  approximation  incorporated  the  inertial  effects  of  the  leg 

and  the  pressures  losses  due  to  the  valve,  hoses,  and  fittings  into  the 

system  model.  An  iterative  model  was  developed  to  calculate  the  maximum 

flow  rate  possible  under  given  conditions.  First,  according  to  Newton's 

law,  d2x 

F  =  M  — - 
dt2 

where  F  =  force  on  piston  rod 
M  =  mass  of  lower  leg 
x  =  cylinder  extension  (ft) 
t  =  time  (sec) 


Area  x  (Ppump  ~  AP-|osses)  =  M  — 

dt^ 


From  the  definition  of  the  Cv  factor 

Q  =  Cv\/PI 

where  Q  =  flow  (in^/sec) 

S.  G.  =  specific  gravity  of  fluid 

flosses  *  S’ V 

n  S.G.  x  Q2  M  d2x 

•pump  ,  =  ~ r- 

Cv2  Area  d2t 

Also  Q  (in3/sec)  =  Area  x 

dt 


pump  “  S.G.  x  Area2  x  -  M _  d2x 

Area  dt2 


Therefore,  P 
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^  =  3  =  M 
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O 
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ro 
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This  equation  can  be  solved  iteratively  for  acceleration  by  substituting 

dx 

into  the  equation  a  value  for  the  velocity  ^  that  is  either  an  assumed 

initial  value  or  previously  calculated.  Once  the  acceleration  for  a 

dx 

given  time  step  has  been  calculated  in  this  fashion,  the  velocity  —  and 

dt 

displacement  (x)  for  that  time  step  can  be  calculated: 

v  =  v  +  at 
x  =  x  +  vt 

This  iteration  is  carried  out  until  the  values  of  acceleration  approach 
zero,  indicating  that  the  system  has  reached  steady  state. 

An  assumed  system  was  analyzed  consisting  of  the  following 
hydraulic  components: 

1)  Moog  15  gpm  servo  valve  (A076-104) 

2)  Schroeder  NF30  filter  with  N10  element 

3)  Forty  feet  of  1/2  in.  schedule  80  pipe  (convient  and 
conservative  model  for  1/2  in.  tubing) 

4)  Four  1/2"  elbows 

5)  Ten  feet  of  1/2"  hydraulic  hose 

It  was  conservatively  assumed  that  15  gpm  flowed  through  all  components. 

A  Cv  factor  of  1.6  was  calculated  for  the  overall  system  (see  Appendix 

A). 

In  these  equations,  a  pump  pressure  was  assumed  and  a  piston 
area  was  calculated  based  on  the  pressure.  Initial  values  of  zero  were 
assumed  for  both  the  velocity  and  displacement.  Some  preliminary  calcu¬ 
lations  were  carried  out  with  a  hand  calculator  for  pump  pressures  of 
1500,  2500,  and  3200  psi.  The  results  of  these  calculations  indicate 
that  the  system  will  reach  steady  state  rapidly  and,  therefore,  the 
inertial  effects  of  the  leg  will  not  significantly  impact  the  design  of 
the  hydraulic  system  for  this  leg.  This  analysis  is  currently  being 
programmed  and  detailed  results  will  be  incorporated  into  future  reports. 

Finally,  component  manufacturers  were  contacted  to  determine 
representati ve  response  times  for  the  servo  valve  and  the  accumulators. 


According  to  the  manufacturer,  the  15  gpm  Moog  servo  valve 
will  either  fully  open  or  fully  shut  in  50  milliseconds.  A  5  gpm  valve 
is  also  available  that  requires  even  less  time.  It  is  anticipated  that 
a  reasonably  fast  operating  time  (such  as  50  milliseconds)  can  be  com¬ 
pensated  for  to  a  certain  degree  by  computer  control  of  the  valve  actuation. 

Greer  Hydraulics  was  also  contacted  for  information  regarding 
hydraulic  accumulators.  No  information  was  readily  available  concerning 
the  time  required  to  discharge.  Some  limited  testing  may  be  required  to 
obtain  this  information.  Information  was  received  on  both  the  adiabatic 
and  isothermal  relationships  between  pressure  and  volume  for  a  one  gallon 
Greer  accumulator  that  will  be  useful  in  modeling  the  hydraulic  circuit. 

Following  the  preliminary  analysis  of  the  shank  circuit  for 
the  original  O.S.U.  leg  design,  Battelle  was  informed  by  O.S.U.  that 
major  revisions  of  the  leg  design  were  probable.  Therefore,  further 
analytical  efforts  were  postponed  pending  this  decision. 

Demonstration  System 


Battelle  was  supplied  by  O.S.U.  with  a  15  gpm  Hydura  pump, 
with  its  associated  servo  control  and  electronic  controller.  This  system 
was  assembled,  with  a  hydraulic  reservoir  and  hydraulic  motor,  into  a 
preliminary  shank  circuit  demonstration  unit.  The  purpose  of  this  demonstra¬ 
tion  was  to  verify  the  performance  of  the  pump  and  controller  and  to 
illustrate  the  basic  control  concept.  This  system  was  demonstrated  to 
Dr.  Clinton  Kelly  from  DARPA  at  the  program  review  in  May.  At  this 
time,  the  pump  appeared  to  operate  as  expected  with  one  exception;  the 
make-up  pump  (a  Vicking  gear  pump)  generated  signif icantly  more  heat 
than  was  expected.  It  appeared  to  be  attributable  to  a  slight  misalignment 
of  the  pump  rotor  with  the  housing.  In  effect,  the  rotor  rubbing  against 
the  housing  generating  heat.  Since  the  system  filters  had  not  yet  been 
received  from  O.S.U.,  further  investigation  of  this  situation  was  postponed. 

In  June,  high  pressure  filters  and  a  Moog  servo  valve  were 
incorporated  into  the  demonstration  system  for  the  original  O.S.U.  design, 
as  shown  in  the  following  hydraulic  circuit  drawing  (see  Figure  5).  The 

t 

I 


system  was  then  operated  with  the  Hydura  pump  stroked  in  only  one  direction 
so  that  flow  was  always  supplied  to  the  pressure  port  of  the  Moog  servo 
valve.  The  servo  was  driven  by  a  DC  power  supply  at  voltages  varying 
between  zero  and  3.2  volts,  with  the  servo  valve  coils  hooked  up  in 
parallel . 


Hydraulic  Motor 


FIGURE  5.  Hydraulic  Circuit  of  Demonstration  Unit 
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As  power  was  applied  to  the  Moog  servo,  the  hydraulic  motor 
would  start  turning  and  increase  in  speed  with  increasing  voltage.  By 
reversing  t.he  voltage  to  the  servo  coils,  the  motor  could  be  run  in  the 
opposite  direction.  The  Moog  servo  valve  performed  well  in  these  tests. 

The  gear  pump  on  the  Hydura  pump  continued  to  run  warm  as 
before.  'Jnlike  before,  it  took  a  while  to  warm  up  (about  10  minutes  for 
140°F)  which  was  much  slower  than  before.  This  suggests  that  the  pump 
is  probably  still  "milling"  its  pressure  plate  but  not  as  much  as  before. 
The  return  line  filter  showed  considerable  back  pressure,  indicating 
that  a  lot  of  dirt  has  been  collected  (possibly  milling  chips).  Since 
the  pump  will  be  dismantled  in  the  near  future  for  shipment  back  to  O.S.U., 
physical  examination  of  the  interior  of  the  pump  is  being  postponed  until 
that  time. 

At  the  same  time,  a  demonstration  model  of  a  regenerative 
hydraulic  circuit  was  assembled.  A  regenerative  circuit  is  one  in  which 
the  rod  end  of  the  cylinder  is  connected  u  the  blind  end  in  such  a  way 
that  allows  rapid  extension  of  the  piston.  This  may  have  some  applica¬ 
tion  to  the  shank  circuit,  particularly  in  the  case  of  an  emergency 
extension. 


Pump  Review 

A  Vickers  PVB  10  hydraulic  pump  was  tentatively  selected  by 
the  University  of  Wisconsin  for  the  initial  testing  of  the  shank  circuit. 
Specifications  for  this  pump  have  been  included  in  Appendix  B.  The 
specifications  were  reviewed  and  information  on  other,  comparable  pumps 
was  accumulated.  These  pump  characteristics  are  shown  in  Table  3.  After 
reviewing  the  relative  performance  specifications  for  these  pumps,  it 
was  concluded  that  while  pumps  were  available  with  significant  improvements 
in  performance  over  the  Vickers,  these  pumps  had  substantially  higher 
costs  and/or  weights  relative  to  the  Vickers.  Since  the  Vickers  appeared 
to  meet  the  preliminary  requirements  for  the  shank  circuit,  and  since 
more  detailed  analyses  were  not  possible  until  the  selection  of  the 
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final  leg  configuration,  it  was  concluded  that  from  the  standpoint  of 
the  hydraulic  design  of  the  shank  circuit,  the  Vickers  pump  was  a 
reasonable  unit  to  purchase. 

While  reviewing  the  Vickers  pump,  it  became  apparent  that  a 
supercharge  pressure  would  be  necessary  at  the  suction  inlet  of  the 
pump.  A  simple  design  for  a  supercharge  circuit,  shown  in  Figure  6,  was 
developed.  The  supercharge  circuit  involves  joining  the  return  oil  from 
the  shank  circuit  and  the  return  oil  from  the  charge  pumps  for  the  hydro¬ 
static  transmission.  By  joining  the  circuits  above  a  check  valve,  supercharge 
pressure  can  be  supplied  to  the  shank  circuit  pump.  However,  care  must 
be  taken  to  make  sure  the  cooler  is  large  enough  so  that  supercharge  oil 
does  not  exceed  maximum  allowed  for  pump. 


TABLE  3.  Pump  Characteristics 


Pump  Model 

Pressure 

(psi) 

Flow  Speed 
(gpm)  (rpm) 

Price 

Del i very 

Weight 

Sunstrand  22-2059 

Scott  Equipment 
(Mr.  Trent) 

320 

53 

3200 

$2346 

7-10  wks. 

150  lbs 

Denison 

PAV07-01C-041 -3R-01 -1A04 
Hyd.  &  Air  Controls 
(Ruth) 

5000 

44 

2500 

3570 

1  week 

110  lbs 

Vickers 

AVB-10-FR-SV-CC 

(Pabco) 

3000 

18 

3200 

575 

2  wks. 

31  lbs 

Rexroth 

A7V-28DR-2.0-RPF000  5070 

(Hydrotech  -  Harold  Fraser) 

22 

3000 

1343 

16  wks. 

79  lbs 

Ri vett 

PV  2024-2659 

2000 

24 

2400 

56  lbs 

Denison 

P 46V -01 -0-103-1R-03-1 -04 

5000 

53 

2500 

28 


FIGURE  6.  Supercharge  Circuit  for  Vicker  PVB  10  Pump 
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CONCLUSIONS 


In  the  guidance  portion  of  the  Battel le  project,  work  has  been 
performed  during  the  first  half  of  the  project  whose  goal  was  to  derive 
stepping  algorithms  to  enable  a  legged  vehicle  to  traverse  rough  terrain. 
An  approach  for  that  problem  has  been  derived,  and  is  currently  being 
investigated  in  detail.  During  the  remaining  six  months  of  the  project, 
this  work  will  involve  the  further  development  and  improvement  of  the 
selected  approach  and  the  investigation  of  alternative  methods. 

The  actuation  portion  of  the  project  has  been  directed  at 
translating  vehicle  system  requirements  into  the  preliminary  design  of 
an  hydraulic  shank  circuit  capable  of  performing  the  required  maneuvers. 
Much  of  the  preliminary  work  is  complete,  and  the  requirements  generated 
by  other  DA*  PA  contractors  on  the  adaptively  controlled  vehicle  program 
are  being  consolidated  and  translated  into  a  system  design.  During  the 
remainder  of  this  program,  this  design  will  be  explored  in  more  depth 
and  a  series  of  demonstrations  undertaken. 
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APPENDIX  A 

CALCULATION  OF  SYSTEM  C v 


Servo  Valve 


For  the  15  gpm  Moog  servo  valve  (A076-104),  vendor  litera¬ 
ture  indicates  a  pressure  drop  of  1000  psi  across  the  valve  at  a  no-load 
flow  of  15  gpm  (see  Figure  A-l).  Therefore: 


15  gpm  x 


236 

60 


i  n^ 
gas 
sec 
min 


s.g.  for  hydraulic  fluid  =  0.865 


15  x 


236  ^  /  0.865 

60  V  1000 


1.74 


For  1/2"  Hose 


According  to  "Fluid  Power  Designers  Lightening  Reference  Hand 
book  (Figure  A-2),  AP  =  3.15  per  foot  for  flows  of  15.3  gpm  for  1/2  in. 
hose. 

Therefore, 


15.3  gpm  x 


236  in 3/gal 
6u  sec/mi n 


S.G.  =  .865  AP  =  3.15/ft 

Cv  =  31.54/1  ft 

Since  AP  =  31.5  psi  for  10  feet  of  hose, 

Cv  =  9.97  for  10  feet  of  hose 


A- 2 


Filter  (e.g.,  Schroeder  NF30  Uitn  N10 


From  Figure  A-3,  AP  =  4.5  psi  @  15  gpm 


Therefore, 

Cv 


15 


gpm  x 


236 

60 


.87 

4.5  psi 


Element) 


25.94 


FLUID  POWER  DESIGNER'S  LIGHTING 
REFERENCE  HAN'DBOOk 

HYDRAULIC 

CHARACTERISTICS 

Unless  specified  otherwise,  el! 
performance  parameters  are  given 
for  valve  operation  on  Mobil  DT£>24 
fluid  at  lOO’F  (38*C>. 


FLUID  SUPPLY  A076  Servovalves  are  intended  to  operate 
with  constant  supply  pressure. 


<ot  icjsty  u:>  -  iiu 
u  n  >fj 


iim  mniK  mm-n 

FIGURE  1  CHANGE  IN  RATED 
flOW  WITH  PRESSURE 


a  «  s  a 


"'"""TTns'T 


IMS  KSMf  Mr 
%  smt 


FIGURE  2  -  CHANGE  IN  CONTROL  FLOW 
WITH  CURRENT  AND  LOAD  PRESSURE 


Supply  Pressure 
minimum 

maximum  standard 
maximum  special  order 

Proof  Pressure 
at  pressure  port 
at  return  port 

NFPA  static  pressure  rating* 
(test  pressure  10,700  psi) 

NFPA  cyclic  pressure  rating 

(pressure  port)* 

(cyclic  test  pressure 
4350  psi  for  >106  cycles) 

Fluidf 


Supply  filtration  required 

Operating  temperature 
minimum 
maximum 

(unless  limited  by  fluid) 


200  psi  (14  bars) 
3000  psi  (210  bars) 
5000  psi  (350  bars) 


150%  supply 
100%  supply 


6900  psi 


3000  psi 


petroleum  base  hydraulic 
fluids  60-450  SUS  @  100*  F 
(10-97  cST  @  38*C) 

10/im  nominal  (25/um  abso¬ 
lute)  or  finer  recommended 


—  40*  F  (—  40*C) 

+  275* F(+  135* C) 


«.  ’Method  of  verifying  static  and  fatigue  pressure  ratings  per  NFPA/T2.6-14974, 
r  category  3/90. 

"  tBuna  N  seals  arm  standard;  Viton  A  and  EPR  available  on  special  order. 

2 

RATED  FLOW  Five  standard  sizes  are  available  having  rated 
flows  of  1,  2y2.  5,  10,  and  15  gpm  at  1000  psi  valve  drop 
(3.8,  9.5,  19,  38,  and  57  lit/min  at  70  bars).  See  plot  at  left 
for  corresponding  rated  flows  at  other  supply  pressures. 

Flow  with  various  combinations  of  supply  pressure  and  load 
pressure  drop  can  be  determined  by  calculating  the  valve 
m  pressure  drop. 

Py  =  (Ps  "  Pr)  "  Pl 

Pv  =  valve  pressure  drop 
Ps  =  supply  pressure 
P„  =  return  pressure 
PL  =  load  pressure  drop 

-  FLOW-LOAD  CHARACTERISTICS  Control  flow  to  the  load 

11  will  change  with  load  pressure  drop  and  electrical  input  as 

"  shown  in  Figure  2.  These  characteristics  follow  closely  the 

_  theoretical  square-root  relationship  for  sharp-edged  orifices, 

which  is 

W-  QL  =  KiVF\T 

NSJ  Ql  =  control  flow 

K  =  valve  sizing  constant 
— ^  i  =  input  current 

Pv  =  valve  pressure  drop 

Mr  ~"1 

INTERNAL  LEAKAGE  Maximum  internal  leakage  for  each 
size  servovalve  is: 

‘  •  Flow  with  3  000  psi  (70  b»rs)  Supply 

_ R«ted  Flow _ • _ IntemsI  Loikat* _ 

1  gpm  (3.8  lit/min)  <  0.17  gpm  (0.66  lit/min) 

-  21/2  gpm  (9.5  lit/min)  <  0.22  gpm  (0.83  lit/min) 

5  gpm  (19  lit/min)  <  0.35  gpm  (1.32  lit/min) 

10  gpm  (38  lit/min)  =  <  0.35  gpm  (1.32  lit/min) 

15  gpm  (57  lit/min)  <  0.35  gpm  (1.32  lit/min) 

FIGURE  A-l.  Servo  Valve  Data  Sheet 


STANDARD  ENGINEERING  DATA 


THIRD  EDITION 


Son  Francisco  (415)'  697-2950  Son  Diego  (714)  232-7600  ,  Bakersfield  (805)  832-3630 


STSrSttable  to  DTIC  Sees  nof 

-ojt  iully  legible  iepioducUOA 


• 

■  *  „ 

.  ..  »• 

Sr.-.  •  •  .  • 

$ .  •  - 

■y*  ( 

V 

-  '  --„V 

k 

A  ■  ■+'i‘  a 

f 

-  • 

/  $  '  ;  /  - 

1  -  * 

•  • ,  .■*  jr 

»  -  .  :  jr.-  - 

1 

Wiy.la: 


3  to  60  MICRONS 

Pressure  Rating:  3000  PSI  (204  Bar)  operating 

10,000  PSI  (680  Bar)  minimum  yield 


(000)  =  METRIC  PtMENSOe 


Bypass  Valve  Setting:  30  PSI  (cracking  pressure) 

Material:  Porting  Head:  Aluminum 

Element  Case:  Aluminum 


All  commonly  used  mineral  base  and  phos¬ 
phate  esters  fluids.  DF30  recommended 
for  high  water  base  and  water  glycol  fluids. 
H  seal  adder  recommended  for  phosphate 
esters.  Consult  factory  for  indicator  avail¬ 
ability  for  phosphate  esters. 


Compatibility: 


Element  case  threaded  into  porting  head. 
Minimum  clearance  required  2 (64  mm.) 


Servicing: 


Weight 


Copy  available  to  DTIC  does  not 
permit  fully  legible  reproduction 


|  r - - —4 

OUT  _ 

M 

MB 

Ur.'* 

I  I 

Maximum  Operating  Temperatures: 

250°  F  (121°  c)  with  N  elements 

.  -• 

300° F  (149° c)  with  NM  elements 

ORDERING  INFORMATION 


MODEL  NUMBER  SELECTION 


ELEMENT 


’Example:  NF3O-1K10V-P-O 

NF30  tiller  witn  tingle  10  micron  throw  away  alamant.  niton  Mats.  pipe  pom.  ana  *t*ual  indicator 


SELECTION  CHART 


Elamant  AP  baaaflon  tjOSSU 


SEE  MOOEL  one 


NF30-1N3-P 


NF30-1N10-P 


NF30-1N25-P 


NF30-1NM10-P 


NF30-1NM60-P 


(Omit)  -  none 

(Omit)  *  Bun*  N 

-P  *  V  NPTF 

-0  ■  color  coOaO 

S  *  1  Ym"  - 12 

visual 

V-  V«on 

SaI  straight 

dirt  alarm* 

-WS2*  aiectncal 
switch 

- _ 

SHWWB 

N 

3 

TO 

Throw- 

10 

3000 

Away 

25 

PSI 

NM 

10 

able 

60 

itmniif  pniii 


A-7 


For  1/ 2"  Pipe 

For  1/2"  pipe  (schedule  80)  (roughly  the  same  I.D.  as  1/2"  tubing),  using 
Figure  A-2  again, 

AP  =  2.47  psi  @  14.6  gpm 

Therefore, 

Cv  =  14.6  gpm  x  ^  ^ 

33.98  (for  1  ft) 

For  40  ft,  Cv  =  5.37 


Elbows 


For  4  1/2"  elbows  (schedule  80),  each  elbow  is  equivalent  to  2.9  feet  of 
1/2"  pipe  (schedule  80).  From  Figure  A-2,  AP  =  2.47  psi/ft  at  14.6  gpm. 


Cv 


=  14.6  x 


236  -,  /  .87 

60  V4  x  2.9  x  2.47 


=  9.98 


To  calculate  the  system  Cv 

1  =  V 1 

Cv2  total  )  Cv, 


Component 

Valve 

Hose  (10  ft) 
Filter 
Pipe  (40  ft) 
Elbows  (4) 

- 1 -  +  - L_ 

Cv2  total  (1.74)2  (31.54)2 

Cv  total  =1.6 


vj 

1.74 

31.54 

25.94 

5.37 

9.98 

+  _J _  +  _J _  +  _J _ 

(25.94)2  (5.37)2  (9.98)2 
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TECHNICAL  SPECIFICATIONS  ON 


APPENDIX  B 


TECHNICAL  SPECIFICATIONS  ON 
VICKERS  PVB  10  HYDRAULIC  PUMP 

Pump  Specifications 

Vickers  pumps  PVB  10  with  pressure  compensator  and  maximum 
stroke  adjustor  (all  mechanical  settings  with  adjustment  screws  and 
nuts) . 


Pumps  capable  of  3200  rpm  with  12  psig  supercharge.  Maximum 
pressure  =  3000  psi;  compensation  range  =  250  -  3000  psi/hput  HP  @  1800 
rpm  and  3000  psi;  extrapolated  to  3200  rpm  and  3000  psi,  HP  =  35.6, 
volume  =  18  gpm,  weight  =  31  lb  each. 
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